ABSTRACT. We analyzed productivity data obtained from experiments on grain sorghum conducted in 7 locations of its cultivation in Brazil. A total of 25 hybrids were analyzed, of which 22 were pre-commercial and 3 were cultivars. The Wricke and Purchase et al. methods were highly consistent in identifying individuals with low contributions to genotype x environment interactions. The Lin and Binns method proved to be easily applicable and interpretable but it was not efficient in detecting individuals with specific adaptations. An additive main effects and multiplicative interaction (AMMI) model indicated the suitability of cultivar 1G282 for the cities of Guaíra, Sete Lagoas, and Vilhena, and hybrids 0307087 and 0307091 for the southeast of Goiás. 
INTRODUCTION
The culture of grain sorghum is an important cultivation alternative for the second harvest, and is also known as the off-season crop. Considering its economic importance, public and private ventures for the administration of breeding programs of this culture are necessary, since they are responsible for annually testing several promising genotypes in many environments for their cultivation.
Grain sorghum cultivation occurs across various environments characterized by highly diversified soil and climate conditions. When promising materials are evaluated for recommendation, a common problem identified is that the high productivity observed in some genotypes at a certain location or in a certain year does not remain if the environment changes.
Such instability creates difficulty for recommending cultivars.
A different response of a genotype under different environments is known as a genotype by environment (G x E) interaction. The complications resulting from G x E interactions can be best avoided by the identification of stable genotypes that are adapted to cultivation conditions (Cruz and Regazzi, 1997) .
According to Mariotti et al. (1976) , stability is associated with the predictability or performance of genotypes in the face of environmental variation and by their adaptive potential to advantageously assimilate environmental stimuli.
According to Cruz and Regazzi (1997) , several methodologies have been proposed to study stability and adaptability. These methods are all generally based on identifying significant interactions, but differ based on the particular stability concepts adopted and some of the statistical principles employed; some methods are conflicting, while others are complementary.
Adaptability can be studied by determining the contribution of the genotype to the G x E interaction (Wricke, 1965) . This contribution can also be measured by a principal component analysis, using an additive main effects and multiplicative interaction (AMMI; Zobel et al., 1988) model, or the index described in Purchase et al. (2000) .
Some methods consider the concepts of stability and adaptability simultaneously, such as the regression model of Eberhart and Russell (1966) , which measures stability by model fitting and adaptability by the regression coefficient. In addition, Lin and Bins (1988) suggested a non-parametric performance index, which aggregates stability and adaptability to a single index; this method is widely used because of its ease of interpretation.
In all studies of stability and adaptability, it is important to incorporate several methods simultaneously, and thus capture their information in an integrated manner. Therefore, the objective of this study was to analyze the stability and adaptability of simple hybrids of grain sorghum that were evaluated in several Brazilian environments where this culture is produced.
MATERIAL AND METHODS
We here evaluated data collected from experiments conducted by the Embrapa Milho e Sorgo across several locations in Brazil (Table 1) . In all cases, grain sorghum was planted between the end of February and the beginning of March 2011, which is characteristic of the off-season in all locations assessed, except for Teresina. A randomized block design was adopted, with 3 replications and 25 hybrids. Twentytwo of the hybrids were pre-commercial simple hybrids obtained from the Núcleo de Recursos Genéticos e Desenvolvimento de Cultivares (Center for Genetic Resources and Development of Cultivars) of Embrapa Milho e Sorgo, and the other 3 were the commercial cultivars 1G282, BRS 308, and BRS 330.
Plots were built with 4 rows, spaced 0.5 m from one another, with an average stand of 200,000 plants/ha. Each of the rows was 5 m in length, using only the 2 central rows as the useful area of the plot. Grains were collected from the plot and were subsequently measured and corrected to a moisture level of 13%.
In the experiments conducted in Água Comprida, Rio Verde, and Montividiu, plots were implanted after commercial soy cultivation. These soil conditions were particularly favorable because soy associates with bacteria of the genus Bradyrhizobium, which captures the atmospheric nitrogen and makes it available for the plants. Irrigation was not used in any of the experiments.
The statistical evaluation of the results was initially performed with analysis of variance for each experiment independently, adopting the model:
where Y ij is the grain yield (kg/ha) of the plot that received genotype i, allocated in block j; µ is the overall constant; G i is the fixed effect of the i-th genotype; B j is the random effect of the j-th block, and B j ~ NID (0, s 2 B ); ε ij is the random effect of the experimental error observed in plot ij, and ε ij~ NID (0, σ 2 ). After the individual analysis of variance, we analyzed the feasibility of performing a combined variance analysis, according to the reasoning proposed by Pimentel-Gomes (2009), who suggested that combined variance analysis should only be performed if the relationship between the residual variances of the experiments is lower than 7.
For the analysis of variance considering all experiments, the following model was adopted: ); E j is the random effect of the j-th environment, and E j ~ NID(0, σ 2 E ); G i E j is the random effect of the interaction between genotype i and environment j, and G i E j ~ NID(0, σ 2 GE ); and the other terms are the same as defined above.
Subsequently, 5 different methodologies to determine stability and adaptability were compared: Wricke (1965) , Eberhart and Russell (1966) , Lin and Binns (1988) , AMMI (Zobel et al, 1988), and Purchase et al. (2000) .
The Wricke (1965) method estimates parameter ω, also known as the ecovalence, which measures stability by the contribution of the genotype for the sum of squares of the deviations due to the G x E interaction. The estimator of this parameter is given by:
where r is the number of replications and Ῡ ij , Ῡ i. , Ῡ .j , and Ῡ .. are the mean of the plot that received genotype i in environment j, the overall mean of genotype i, the mean of environment j, and the overall mean, respectively.
The Eberhart and Russell (1966) method analyzes genotypes by the following linear regression model:
where µ is the intercept, whose estimate represents the genotype mean; β i is the slope coefficient of the regression model; I j is the independent variable, which is an environmental index obtained by:
where δ ij is the deviation of the model of genotype i in environment j; and ε ij is the mean experimental error.
This method represents adaptability through the slope coefficient of the regression model, which can be lower, higher, or statistically equal to 1, indicating adaptability to unfavorable environments, favorable environments, or overall adaptability, respectively. In this method, stability is measured by the fit to the model, i.e., more stable individuals show high R 2 values and consequently low deviation variances. The Lin and Binns (1988) method proposes the utilization of a performance index that considers stability and adaptability simultaneously. This index is obtained by:
where M j is the highest mean observed in environment j, and n is the number of environments. This index can also be deployed into the following:
where the first term corresponds to the genetic deviation (P Gi ) and the second term corresponds to the deviation caused by the interaction (P GEi ). According to these authors, the first part does not imply alterations in the classification of the materials; however, the second can be modified. Thus, the ideal genotype is one with a low P i value that is mostly attributed to the genetic deviation (Farias et al., 1997) .
The AMMI analysis combines the variance analysis with a principal component analysis. In this approach, the interaction component of the combined variance analysis model is analyzed by multiplicative terms obtained by the decomposition of singular values.
In the present analysis, the interaction component will be deployed into the following:
( Equation 8) where λ k is the k-th singular vector of the original matrix of interactions (G x E); γ ik is the value associated with the i th genotype in the k th singular vector column of the G x E matrix; α jk is the value associated with the j-th environment of the singular vector row of the G x E matrix; ρ ij is the noise associated with the term (ge) ij , and is defined as:
( Equation 9) where p is the rank of the matrix of interactions. The terms of the matrix of interactions can be obtained by:
The AMMI analysis measures the contribution of genotypes to the interaction effect. This analysis is usually performed by constructing a biplot graph. According to this model, the lower the scores relative to the number of principal components used, the lower the contribution to the G x E interaction.
The Purchase et al. (2000) method proposes an index named the AMMI stability value (ASV), which is based on the Euclidean distance between the scores of principal components 1 and 2 of the interaction matrix (IPCA1 and IPCA2, respectively) obtained by the AMMI2 model with the origin, but with a weighing factor because the first component explains a greater portion of the sum of squares of the G x E interaction. This index is obtained as follows: (Equation 11) where SSIPCA1 and SSIPCA2 are the sum of squares of principal components 1 and 2, respectively.
We utilized the Spearman rank correlation to compare the different methods (Steel and Torrie, 1960) . For this analysis, all statistics were classified in descending order (Mekbib, 2003; Silva and Duarte, 2006; Cargnelluti Filho et al., 2007; Mohammadi and Amri, 2008; Scapim et al., 2010; Vilela et al., 2011; Pena et al., 2012) .
RESULTS
The individual variance analysis revealed a significant hybrid effect in Guaíra, Montividiu, Sete Lagoas, Teresina, and Vilhena, whereas the effect of hybrids was not significant in Água Comprida and Rio Verde ( Table 2 ). The combined analysis revealed significant effects of hybrid, environment, and the interaction between these 2 factors, demonstrating different responses of the hybrids to environmental variation (Table 3) Genotypes 0307063, 0307047, and 0307341 stood out as the lowest contributors to the G x E interaction, under the Wricke and AVS methods. These genotypes also showed the greatest fit to the regression model and regression coefficients statistically equal to 1. Among these hybrids, the only important result for the production of grains in these hybrids was evident in genotype 0307047 in Rio Verde (Table 4) .
Hybrid
Lin and Bins (x10 -5 ) Table 4 . Statistics of stability and adaptability of grain yield of 25 simple grass sorghum hybrids evaluated in seven environments. ns = not significant; * and **Significant at 5 and 1%, respectively, by the Student t-test under Ho: β = 1; 1 Percentage of explained sum of squares due to the G x E interaction.
Pre-commercial hybrid 0009061 stood out as the highest mean for grain production among all pre-commercial hybrids. Considering all environments, this hybrid also showed the least contribution to the G x E interaction based on the Wricke (1965) method, a low value of the Lin and Bins (1988) index, and showed a good fit to the regression model with a regression coefficient statistically equal to 1.
Cultivar BRS 308 presented elevated means for grain production; however, it showed generally uninteresting results for stability and adaptability under all models, because the variation of its means was quite inconsistent with variation in environmental means.
The Ebehart and Russeal (1966) method indicated that the cultivar BRS 308 shows adaptability to unfavorable environments, although the fit to the model was low. No other method was able to identify groups of environments that indicated specific adaptability for this cultivar.
Cultivar 1G282 was one of the best producing hybrids, and this genotype also presented the best result for the Lin and Bins (1988) index, which indicated good overall performance. However, this hybrid also showed a high contribution to the interaction, indicating specific adaptability.
Using the AMMI method, environments were grouped to indicate the genotypes that showed specific adaptability to each environment. For the deployment of the G x E interaction, according to the AMMI model, the first 2 principal components were used. In consequence, this model explained 65.98% of the variance (sum of squares) due to the G x E interaction; 47.70% was explained by AMMI1 (Table 3) .
In the biplot analysis (Figure 1 ), the cultivar 1G282 and hybrids 0307061 and 0307421 were located near the environments of Guaíra, Sete Lagoas, and Vilhena. These 3 genotypes showed means well above each of these environments. Cultivar 1G282 stood out as the most productive in Sete Lagoas and was the 2nd most productive genotype in Guaíra and in Vilhena. Hybrids 0307087 and 0307091 showed the shortest distance from the environments Água Comprida, Montividiu, and Rio Verde in the biplot analysis. Hybrid 0307087 showed the 1st and 3rd highest means in Rio Verde and Montividiu, respectively, and hybrid 0307091 had the 7th and 2nd highest means, respectively, in these environments.
In Água Comprida, only hybrid 0307091 presented a mean above the overall mean, but it was not very productive.
According to the biplot analysis, hybrids 0307131 and 0307651 were located near Teresina and were also the 2 most productive genotypes in this location, indicating specific adaptability in this environment.
DICUSSION
The significant interaction, justify the need to identify the most stable and productive materials.
Results of 0307063, 0307047, 0307341 and 0009061 suggested that variation among the means of these hybrids coincided with variation of environmental means, indicating that these hybrids were stable and show overall adaptability. However just 0009061 reported high grains production among all environments. The AMMI method and the grain productions indicated the potential for new evaluations of 0307087 and 0307091 in the southeast region of the state of Goiás.
The association between the AMMI and the Eberhart and Russell (1966) methods was very useful in explaining the performance of hybrids with adaptability to favorable environments. Hybrids 0307071, 0307131, 0307511, and 0307651 showed regression coefficients that were statistically higher than 1 and were a great fit to the model. Furthermore, the biplot analysis showed that these hybrids were located at a distance relatively close to the environments Teresina and Rio Verde, which were the only sites showing a positive environmental index.
Such identification of environments with similar response patterns and genotypes with specific adaptabilities to these environments is an important advantage of the AMMI method compared to the other methods commonly employed (Silva Filho et al., 2008) .
The Lin and Bins (1988) method was the only method to dispense with the analysis of means for selection, since it presented high correlations with the means (Table 5 ). This observation is common in the literature (Cargnelutti Filho et al., 2007; Silva Filho et al., 2008; Scapim et al., 2010) .
In general, more productive individuals and individuals with better performance indices (P) showed a tendency toward adaptability in unfavorable environments (β < 1), which is an uncommon result (Farias et al., 1997; Cargnelutti Filho et al., 2007; Silva Filho et al., 2008; Scapim et al., 2010) . One explanation for this observation may be that since sorghum is an off-season culture, its breeding has been selected specifically for unfavorable environments.
The Wricke (1965) and Purchase et al. (2000) methods, which are based on the contribution to the interaction, were in overall agreement, as their results were highly correlated. Mohammadi and Amri (2008) also demonstrated high correlations between these 2 methods, and Silva and Duarte (2006) observed high correlations between the ranks of the Wricke (1965) and the IPCA1 methods.
The statistic R 2 , which indicates stability by the regression model, agrees with results of methods based on decomposition of the interaction, in which the genotype indicates overall adaptability (β = 1). If the genotype indicates adaptability to favorable or unfavorable environments, it can be determined as stable based on the Ebehart and Russeal (1966) method, even if it shows a high contribution to the interaction. This explains why the correlation of R 2 with AVS and ω was not so pronounced. Thus, R 2 can be considered as complementary to AVS and ω. With respect to indications for specific adaptability, the results of the Lin and Binns (1988) method appeared to contradict with those of the other methods, as some individuals with indications of specific adaptability by the other methods were classified as either having Table 5 . Spearman's correlation coefficient between stability and adaptability statistics and the mean. ns = not significant. *P ≤ 0.05. **P ≤ 0.01.
overall adaptability (e.g., cultivar 1G282), or non-adapted. Therefore, we can identify the hybrids that suggest adaptability to favorable environments and southeast Goiás.
